ABSTRACT ''Track and Accumulate'' (T&A) is an alternative astronomical image capture method where exposures are combined during imaging by aligning on a reference star. The benefit is an increased dynamic range, thus allowing both bright and dim objects to be captured in the same image. The main limitation is that correlated noise from the frames will form squiggles on the combined image as the result of telescope drift, especially when using narrowband filters. In general, the advantages of the T&A method are insufficient to outweigh this limitation, and most astrophotographers prefer to take individual images and combine later. In this paper, several enhancements to the original T&A method are detailed, which improve on the process as well as reduce correlated noise. An algorithm is proposed where most postprocessing is integrated into the T&A procedure. These improvements simplify the imaging process, reduce hardware costs, and lower the technical bar for producing quality astronomical photos. The algorithm has been field tested on a variety of astronomical objects, and the resultant images are as good as those produced by the traditional method, yet require less imaging and processing time.
I. INTRODUCTION
Image acquisition in astrophotography is fundamentally similar to terrestrial photography in that an optical system captures light and focuses it onto an electronic sensor or photographic plate. A mount helps to keep the camera steady to reduce motion blur, while post-processing can improve the appearance of the images or remove unwanted artefacts.
There are however several differences which make astrophotography challenging especially for amateurs. The first is that most deep space celestial objects are very faint and require both a sensitive camera as well as prolonged exposure to capture. The second difference is that the Earth's rotation causes continual apparent movement of the sky resulting in star trails on the photo. The third is that celestial objects usually require high magnification to visualize, and even a small deviation in pointing will ruin an image. The fourth is that light pollution in urban and suburban areas tends to obscure the fainter objects.
To overcome these obstacles, the astrophotographer employs several techniques. Modern telescope mounts usually can track an object in time with the Earth's rotation, and certain designs can compensate for field rotation by aligning the telescope to one of the celestial poles. Auto-guiding systems lock on to a guide star and continually correct the telescope orientation.
Capturing a faint celestial object in a single exposure is technically difficult to achieve especially at high magnification as the mount needs to accurately track the object over the entire period. While most mounts can do this for exposure times less than a minute especially under low magnification, exposures longer than twenty minutes require a sophisticated and expensive mount as well as auto-guiding.
Extended exposures are also subject to another problem which is that of pixel saturation and blooming. Bright objects such as stars quickly fill the holding capacity of individual pixels. As the charge approaches the well capacity of the pixel, the probability of trapping an electron drops and the quality of the signal degrades. Once the well is full, the pixel FIGURE 1. Correlated noise from an uncalibrated 15-minute track and accumulate image of the M97 Owl Nebula using a Hα-filter with a 30 second frame exposure time (upper left), the luminance image (upper right), and the corresponding images with correlated noise removed using a bad pixel map (lower left and right). Note: The hot and cold pixels on each individual frame create squiggly bright and dark trails termed as correlated noise on the accumulated image. On the Hα image, the correlated noise is much more pronounced as the overall signal is weak compared to the noise from the electronics. On the other hand, the luminance image has fewer and less pronounced trails due to the brightness of the signal. After bad pixel processing, there is still some residual correlated noise on the Hα image and this could be further reduced by prolonging the frame exposure and binning the image. A more aggressive bad pixel map threshold of three standard deviations instead of five would remove more bad pixels, but at the cost of reducing image detail.
becomes saturated and excess charge overflows to neighboring pixels in a process called blooming.
Breaking up the imaging process into several shorter exposures which are subsequently aligned and combined is a well-established method of overcoming these constraints [1] . ''Track and Accumulate'' (T&A) is an alternative capture method patented by the Santa Barbara Instrument Group where the exposures are combined during the imaging process by aligning them on a reference star [2] .
The main limitation to this method is that the exposure time for individual frames must be long enough such that the signal from the collected light dominates the noise from the camera electronics. If the exposures are too short, then correlated noise from the frames will form squiggles on the combined image due to telescope drift from one frame to the next (Fig. 1) . In general, the advantages of the T&A method are not big enough to outweigh this limitation, and most astrophotographers prefer to take individual images and combine them later.
In this paper, several enhancements to the original T&A method are detailed which improve on the process as well as reduce the effect of correlated noise. An algorithm is also proposed where most of the post-processing is integrated into the T&A procedure as this simplifies the overall workflow and makes it more accessible to novice astrophotographers.
II. IMPROVEMENTS TO T&A A. REDUCTION OF CORRELATED NOISE
The response of individual pixels in a charge coupled device (CCD) to incident photons is not uniform. Hot and cold pixels are those with a response that are significantly above and below that of other pixels respectively. While minor deviations can be corrected by proper bias-dark-flat calibration, bad pixels typically have a non-linear response and cannot be fixed in this way. These pixels show up as correlated noise on stacked images as the alignment process displaces them in such a way as to form squiggles.
The pixels in a CCD sensor do not all start from a zero value. Bias frames are captured with the telescope aperture covered and the camera set to the shortest possible exposure. These are then combined to produce a master bias frame which is subtracted from the images to bring all pixels to the same starting value.
Dark frames are used to correct for dark current in a CCD sensor. Dark frames are captured with the telescope aperture covered and the camera set to a duration of at least five times the intended exposure. The sensor temperature is important and should be set to the same temperature at which the images will be taken. A master dark frame is created by stacking the bias-corrected dark frames and this maps the dark current that is produced in the sensor over the exposure time.
Any telescope has imperfections such as dust particles or obstructions to the optical path which may partially vignette the image. Flat frames are captured with the telescope aperture open and pointing to an evenly illuminated surface such as an electroluminescent panel or the sky at dusk or dawn. A master flat frame can be generated by stacking the biascorrected flat frames, and this can then be used to correct any uneven illumination [3] .
A hot pixel map can be generated from the master dark frame by marking pixels that are more than five standard deviations above the average value. A cold pixel map is produced by first running a small kernel median smooth on the master flat, and subtracting the master flat from this smoothed image. Pixels on this subtracted image that are more than five standard deviations above the mean value are then marked as cold pixels. The hot and cold pixel maps can then be combined into a composite bad pixel map. To reduce correlated noise, the bad pixels are now replaced with pixels from the image that has been median smoothed with a small kernel.
B. SIGNAL-TO-NOISE RATIO
In astrophotography, extended exposures maximize the signal that is obtained from a faint celestial object. However, this comes at the cost of increased noise from the camera electronics as well as from the variability of the signal itself.
Dark current is the amount of current generated by each pixel at a particular temperature in the absence of light while the readout noise represents the uncertainty in conversion from the analogue pixel current to a digital count by the electronics [3] . The natural inherent variability of the signal gives rise to photon shot noise which is sensor-independent and equal to the square root of the total incident photon flux. The image of NGC7094 is predominantly a star field with a small faint central nebula. This is reflected in a clear peak denoting the background pixels and a long upper tail reflecting the bright stellar component. On the other hand, the image of M42 is dominated by a large diffuse nebulosity. The histogram peak is now composed of background pixels together with the fainter portions of the nebulosity. The upper tail is divided into a wide portion which represents the structured part of the nebula and a thin portion which is contributed by the embedded stars. The images were captured using a luminance filter for 30 seconds' exposure and have been histogram stretched for clarity.
The ratio between the signal and noise (SNR) is indicative of the quality of the image. Higher SNR images are cleaner, sharper, less grainy, and contain more detail. According to the Rose criterion, a SNR of five and above is needed to clearly distinguish image features [4] . The SNR can vary substantially across the image depending on the local brightness, and is lower when there is significant light pollution (1) [5] . An alternative way of deriving the SNR is to calculate the mean to standard deviation ratio (MSR) over a selection of pixels, which is the method described in this procedure [6] .
where, formula for the signal to noise ratio (SNR) at a particular pixel for an astronomical camera assuming a mean combine is used for image stacking. F O = photon flux from object, F S = photon flux from sky background, t = duration of each exposure frame, a = number of frames taken, N D = dark current, N R = read noise. In a well-taken astronomical image, foreground objects should be clearly defined while the sky background should have minimal graininess. In most images where a star field is present, the background pixels form the largest peak while foreground objects are represented by the high tail of the histogram. Even in images where an extended nebula is present, the peak will still correspond to the diffuse part of the nebulosity while the high tail now signifies the structured part of the nebula together with any embedded stars (Fig. 2) .
To determine the high transition point (HT) which separates the background from the foreground, a first-order Sobel derivative can be applied to the image followed by a large kernel Gaussian filter and locating the point where the curve first flattens after the histogram peak. This corresponds to the first inflexion point of the histogram in the high tail (Fig. 2) . Histograms from stacked frames of the NGC7094 planetary nebula (left) and M42 Orion Nebula (right). Note: For both images, 30 second frames were captured consecutively using a luminance filter and stacked using threshold clipping until there was no further improvement in the mean to standard deviation ratio (MSR) of the background pixels. A total of 52 frames were used for the NGC7094 image while only 16 frames were needed for the M42 image as the signal was stronger. The background is much smoother than the single frames shown in Fig. 2 while the foreground stars and nebular structures are more clearly seen. The position of the histogram peak (T) changes during the stacking process but the MSR remains a good guide to the smoothness of the background.
While the HT is adequate for most images, a complex histogram from a large galaxy image or diffuse nebulosity can give rise to multiple inflexion points which will make the HT determination unstable.
A better alternative would be to use the histogram peak (T). This is straightforward to determine although a small kernel Gaussian filter should be applied first to smooth out variations. While the location of the peak will change with exposure time, the MSR of the background calculated from this is remarkably stable.
With longer exposures or stacking of images, the MSR will gradually rise and eventually plateau. The same process also occurs with the image foreground except that the plateau is reached much faster as the signal strength is stronger. Brighter objects also tend to plateau earlier and the final image of the M42 Orion Nebula took only 8 minutes of exposure time while the dimmer NGC7094 planetary nebula took 26 minutes to reach the same point (Fig. 3) . The actual planetary nebula itself is not visible using the luminance filter as the signal is much weaker than the sky background flux from light pollution.
Although the single frame background graininess varies from image to image (Fig. 2) , the backgrounds from the final stacked images where the MSR has plateaued appear to be equally smooth (Fig. 3) . This suggests that further imaging beyond this point is unlikely to visibly improve the picture quality. Furthermore, the calculated MSR for the stacked image backgrounds ranged from 13-16 which easily satisfy the Rose criterion.
C. THRESHOLD CLIPPING
There are several ways to convert a series of frames into a stacked exposure. The simplest is a mean combine which takes the average of pixel values in the stack. Equation (1) suggests that the SNR increases proportionately to the square VOLUME 5, 2017 TABLE 1. Improvement in signal-to-noise ratio (SNR) for a selection of image combine methods where N is the number of images used. root of the number of exposures used. Another method is the median combine which takes the median of the pixel values instead. The median combine has a lower efficiency than the mean combine in that the improvement in SNR is only 2/π that of a mean combine [7] . The advantage of a median combine is that it is very good at excluding outliers such as cosmic ray strikes and satellite trails.
A min-max clip combine removes the highest and lowest pixel values and does a mean combine on the remainder. The improvement in SNR for this method is proportional to the square root of the number of exposures minus two. The sigma clip combine removes high and low pixel values according to a preset sigma threshold, which is a multiple of the pixel standard deviation. The improvement in SNR can range from that of a median combine to a min-max clip, depending on the number of images and sigma threshold chosen. Both the min-max clip and sigma combine have a relatively high efficiency and can exclude outliers well, and are usually the combine methods of choice for experienced astrophotographers (Table 1) . For a small number of exposures, the min-max clip is preferred as the SNR improvement is better. Where the number of exposures is large, the chance for multiple outliers increase and sigma combine is better able to handle this while still maintaining a high efficiency.
A normal sigma combine can only be done as a postprocessing routine as the mean and standard deviation must be calculated first. If it is to be done while the image capture is still in progress, some modifications need to be made. The first issue is that at the beginning of the capture process, few images are available so the estimates for mean and standard deviation will not be accurate. It can be seen however that the confidence interval for the mean narrows more rapidly than that for the standard deviation with increasing sample size ( Table 2 ). The second issue is that if too many frames are needed before sigma combining is done, the memory and computing requirements become very large.
One way around this problem is to rely solely on the mean for processing, and use a preset threshold for discarding bad frames. Sequential frames are added to an image accumulator and once a sufficient number is available, the image mean can then be calculated. From testing, a number between five to eight frames would be a good compromise between accuracy and the risk of outlier events occurring. As the alignment process results in borders that differ from frame to frame, a pixel mask can be generated and added to a mask accumulator which is used as the denominator for calculating the mean.
Subsequently, the error rate of each frame can be determined by calculating the pixel by pixel variance divided by the pixel count (pixel mean-pixel value) 2 /(pixel count). If the error rate exceeds the preset threshold, then the entire frame is discarded otherwise it is added to the accumulator. The use of the pixel variance gives greater weight to outlier events which cause a large localized distortion, while accommodating smaller changes due to noise. The pixel mean will also change dynamically over a long capture session, and this allows adaptation to variations in sky brightness that occur throughout the night especially in urban settings.
While it is possible to just discard pixels which exceed a preset variance threshold and integrate the rest, in practice this threshold is difficult to set. If it is too low, then clipping of the signal will occur. If it is set too high, then part of the artefact will be included in the stacked image particularly for events like airplane contrails which have an umbra as well as a penumbra.
III. ENHANCED T&A ALGORITHM
The key prerequisite of a capture and processing algorithm is to produce a good quality image in the shortest possible time. Hardware and software requirements need to be reasonable so that it can be used by even basic setups. The output from the algorithm should require only minimal post-processing to produce the final image.
The use of an enhanced T&A method has several benefits. By reducing the exposure time of individual frames, motion blur and star trails can be eliminated even on lower quality telescope mounts. In some cases such as wide-field imaging or where the mount quality is high, auto-guiding may not even be needed. Individual frames with artefacts can be easily discarded without losing too much imaging time. The duration of the frame exposures allows a substantial amount of in situ processing to be performed on the image, thus reducing postprocessing time.
Correlated noise can be reduced substantially with bad pixel mapping. Frames taken through broadband filters are relatively bright so shorter frame exposures will still be relatively noise-free (Fig. 1) . Narrowband filters need longer frame exposure times, and pixel binning into larger superpixels allows for a brighter signal and higher SNR. Even though exposure times are longer, binning reduces resolution and minimizes the effect of motion blur and star trails.
From testing, optimal broadband exposures range between 30-60 seconds, while narrowband exposure are twice this duration at a binning level of two. At observatory setups with good polar alignment, broadband exposure times up to two minutes can be used and prolonging this further has minimal effect on correlated noise. Frame exposures should not be less than 30 seconds otherwise CCD read noise may become significant especially when imaging dim objects. In addition, some cameras have a relatively slow download speed and this can increase total capture time if the frame exposures are too short.
Plateauing of the SNR can be used to automatically terminate frame capture. The algorithm should do this only if three consecutive frames fail to improve the SNR of the integrated image. Once again, a small kernel Gaussian filter should be used to smooth out the response. An option can be provided to extend image capture time in certain situations where the observed object is relatively dim and a higher SNR is desired. A window can also be used to independently track the foreground object and use this to determine the SNR plateau instead of the background (Fig. 4) .
The enhanced T&A algorithm is shown in Fig. 5 . Testing of this algorithm was performed on a system using Microsoft Windows 8.1 with an Intel Xeon E3 processor running at 3.5 GHz using Visual Basic 2013 in a 32-bit address space with 2 GB RAM allocated. Image processing was done using FIGURE 4. The M77 Cetus A Galaxy is tracked using a window (left) with the bar chart for SNR determination for the foreground object (lower right) and background (upper right). Note: This capture was done on a particularly clear night which allowed prolonged exposure of the luminance image of about an hour before plateauing of the background SNR was observed. The object SNR however peaked early as the signal was relatively strong due to the bright galactic nucleus and the included star, but the standard deviation eventually rose due to an increase in the overall contrast. This means that in this case, tracking of the background SNR is more appropriate than using the object SNR to determine termination of image capture. In the chart, partial red bars signify frames where there is a dip in the smoothed SNR which is the red curve above the bars. Three consecutive frames with no rise in SNR triggers termination of image capture. the libraries in OpenCV.Net 3.2.2 and AForge.Net 2.2.5. The system speed was rated at 475 million floating points per second (MFLOPS) using the Intel processor diagnostic tool 2.10, 64-bit version.
The telescope was a Maksutov-Cassegrain with 180 mm aperture and focal length of 2700 mm, while the mount was a German Equatorial Astrosysteme Austria DDM60 Pro. Auto-guiding was not used but a separate guiding module provided information on image displacement to the capture program for alignment purposes. This guiding module uses a new technique called ''pattern guiding'' that provides information on displacement, rotation, and scale changes with subpixel accuracy [8] . All images were captured unbinned with 30 second frame exposures.
The sample images in Fig. 6 were taken at a fixed observatory in an urban area about 1 kilometer from a 90,000-seat capacity multi-purpose stadium. The brightness of the night sky ranged from 7-8 on the Bortle scale, depending on the time of capture and whether the stadium was in use. The generated outputs for the broadband filters were combined using LRGB recombination with an additive overlay for narrowband filters. Automated gamma stretching and background clipping were performed on each filter output as post-processing for display purposes.
In the images, bright areas are well defined while the background is mostly uniform. The exception to this is the image of NGC3115 where the galaxy showed some speckling despite a clean background, and this is due to most galaxies having relatively low surface brightness. In this case, tracking of the SNR plateau using a foreground window may have yielded a better result. However, based on the author's experience using standard image capture software with this degree of light pollution, the quality of galaxy images is seldom better than this [3] .
The total imaging time is relatively short compared to using standard capture software with a fixed number of frames for each filter. The percentage of frames rejected is about 30%, and this is very reasonable considering the images were captured unguided at a focal length of 2700 mm (Table 3) . The standard routine requires frames of at least two to five minutes' duration, and the rejection percentage under similar conditions is about 70-80%.
The entire processing pathway in Fig. 5 including the guiding function can be completed in about five seconds for a six-megapixel monochrome image. Upscaling the image to 24 megapixels prolongs the processing time to between 25-30 seconds. As this is done in parallel with the capture process which cycles every 30 seconds, there is hence no added delay.
IV. DISCUSSION
While the original T&A method has not gained widespread acceptance due to its problem with correlated noise, the enhanced algorithm detailed in this article mostly overcomes this issue. Imaging with narrowband filters still needs some care, but extending the exposure time and binning should still give acceptable results aside from the dimmest of sources.
The use of the SNR plateau allows image capture to last only as long as necessary to give a good outcome based on the equipment setup, observing conditions, and the object being imaged. If the targeted object is relatively dim compared to the sky background, then using a foreground window to track the SNR plateau may give better results.
When the SNR is close to plateauing, small periodic dips are observed as shown by the partial red bars in Fig. 4 . These dips are caused by integral pixel shifts in the alignment of the capture frame or small drifts in the histogram peak. In the early part of image capture, the dips are dwarfed by the rapid rise in standard deviation and are not visible. In the final stage when the increment in standard deviation is very small, the dips eventually become big enough to result in capture termination.
While this method utilizes histograms to calculate the SNR, it is fundamentally different from histogram equalization techniques which are essentially ways to adjust contrast [9] , [10] . This method instead functions to increase the SNR in the final image, and to determine the point at which further data collection has little benefit. The two types of noise which typically affect low-light imaging are correlated (salt and pepper) noise and photon shot (Poisson) noise [11] . The original T&A method deals well with photon shot noise but is badly affected by correlated noise. This method improves on the original by pre-processing images to remove correlated noise before integrating them. Other methods have been developed recently to better deal with photon shot noise, but are relatively ineffective in reducing correlated noise [11] , [12] .
The relatively short exposure duration means that the telescope mount and polar alignment do not require a high degree of accuracy, and in most cases, can be run without auto-guiding. Even at high magnifications, only a basic auto-guiding setup will be needed. As most of the normal post-processing is done at the point of capture, this reduces the length and complexity of the processing workflow. The output images are already aligned and de-noised, so the final color recombination steps are straightforward and can even be handled automatically by software just like the images in Fig. 6 . This method is best used for astronomical image processing as it is designed to enhance low-light images with a fixed background. The author has tried it in other situations such as enhancing security camera footage, and video capture at night. Results were excellent when the background was static, but any movement caused a high frame dropout, which severely limits its usefulness.
The main problem with the enhanced T&A algorithm is that old computers may not have either the processing power or memory to run it. This was the reason why testing was performed using a 32-bit address space limited to 2 GB RAM to simulate the performance of an older system. Based on the results, almost all personal computers manufactured after 2005 should be able to run this algorithm with a six-megapixel camera for image capture.
Another limitation is that the histogram peak to separate foreground and background pixels may be unstable in a small proportion of targets. This usually happens when a complex diffuse nebula covers most of the image field. In testing, this manifests as a sudden stepwise change in the background SNR. To overcome this issue, the foreground window can instead be used for SNR estimation as this is independent of the histogram peak. The drawback is that the remaining background in the final image can be slightly grainy due to under-exposure.
V. CONCLUSION
This algorithm was designed to simplify the entire imaging process, reduce hardware costs, and lower the technical bar for novice astrophotographers to produce images that are aesthetically pleasing and of reasonable quality. Advanced technicians however may prefer more control over the process and hence squeeze the most out of their photons.
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